processes, including mitosis, meiosis, nuclear migration, organellar and vesicular transport (Vale 1987 , Bloom and Endow 1994 , Barton and Goldstein 1996 , flagellar movement ( Johnson and Haas 1994) , and flagellar assembly and maintenance (Walther et al. 1994) . Most kinesins are composed of three domains: a force-generating motor domain or head domain of ‫ف‬ 350 amino acids (aa) with ATP and microtubulebinding sites; an ␣ -helical stalk; and a non-conserved cargo-binding tail domain. Although kinesins and KLPs are related in that both have a conserved motor domain, KLPs show considerable variation in the location of the motor domain and motility properties. KLPs with amino-terminal and centrally located motor domains move toward microtubule plus ends, whereas KLPs with carboxy-terminal motor domains move toward minus end of microtubules (Barton and Goldstein 1996, Moore and Endow 1996) .
The first kinesin was isolated from Squid optic lobe (Brady 1985 , Vale et al. 1985 . During the last decade, the use of PCR Hatsumi 1991, Stewart et al. 1991) and antipeptide antibodies directed against conserved regions of the kinesin motor domain (Cole et al. 1992 , Sawin et al. 1992 ) have led to identification of multiple KLPs in protists, fungi, plants, and animals (Moore and Endow 1996 , Hirokawa 1998 , Goldstein and Philp 1999 . For example, use of affinity-purified polyclonal antibodies to synthetic peptides corresponding to conserved sequences in the motor domain of kinesin (LAGSE and HIPYR) led to the discovery of a family of KLPs in the flagella and axonemes of the unicellular biflagellate alga, Chlamydomonas reinhardtii (Bernstein et al. 1994 , Fox et al. 1994 , Walther et al. 1994 . One of these, KlpI, has roles in flagellar rotation or twisting (Johnson and Haas 1994) ; the other (FLA10) is necessary for flagellar assembly and maintenance (Piperno et al. 1996 ). An ‫ف‬ 80-kDa kinesin-like protein (DSKI), which belongs to the central motor family of KLPs, was isolated from the diatom Cylindrotheca fusiformis and shown to have roles in anaphase spindle elongation (Wein et al. 1996) . In plant systems, several KLPs have been cloned and characterized (Asada and Collings 1997, Reddy 2000) .
Recently, a unique KLP called kinesin-like calmodulin (CaM)-binding protein (KCBP) with a carboxyterminal motor was isolated from Arabidopsis (Reddy et al. 1996a ) and found to be ubiquitous in flowering plants (Reddy et al. 1996b , Wang et al. 1996 , AbdelGhany and Reddy 2000 . A CaM-binding KLP (kinesin-C) was also isolated recently from sea urchin (Rogers et al. 1999) . These KLPs are unique among all KLPs in that they have a CaM-binding domain that is responsible for Ca 2 ϩ /CaM regulation of its ATPase activity, microtubule interaction and motor activity (Narasimhulu et al. 1997 , Song et al. 1997 , Deavours et al. 1998 , Narasimhulu and Reddy 1998 . Also, the amino-terminal region of plant KCBPs, but not kinesin-C from sea urchin, shows significant sequence similarity to a region referred to as the myosin tail homology 4 (MyTH4) domain and talin-like region present in some myosins (Chen et al. 1996 , Reddy et al. 1996b . Using the yeast two-hybrid system, the amino-terminal tail of KCBP has been shown to interact with a protein kinase (Day et al. 2000) . During cell division, KCBP co-localizes to plantspecific structures, such as the preprophase band, the phragmoplasts, and spindle Reddy 1997, Smirnova et al. 1998 ). In addition, genetic studies have shown that KCBP is essential for proper development of trichomes (Oppenheimer et al. 1997) .
In our efforts to study the origin and evolution of CaM-binding KLPs in eukaryotes we have chosen Cyanophora paradoxa , an evolutionarily important organism, to identify CaM-binding KLP. C. paradoxa is a biflagellate protist (Korschikoff 1924 ) that possesses intracellular photosynthetic endosymbionts called cyanelles. Morphological characteristics and DNA sequence analysis of cyanelles indicate a close relationship to both prokaryotic cyanobacteria (Aitken and Stanier 1979, Trench and Ronzio 1987) and eukaryotic higher plant chloroplast (Hall and Claus 1963 , Herdman and Stanier 1977 , Lambert et al. 1985 , Palmer 1985 . The unstacked thylakoids, presence of phycobilisomes, presence of chlorophyll a , and the lysosome-sensitive cell wall (Aitken and Stanier 1979, Trench and Ronzio 1987) in the cyanelle are reminiscent of cyanobacteria. Conversely, overall analysis of genome size (Herdman and Stanier 1977 , Lambert et al. 1985 , Palmer 1985 and metabolism has indicated a close similarity to higher plant chloroplasts. Characters of the host cell, such as flagellar roots with associated multilayered structures, have suggested a phylogenetic relationship with green algae. These paradoxical features between the host and endosymbiont suggest that this protist occupies a unique position in the evolution of early eukaryotes.
Cell division in C. paradoxa is shown to be generally typical of other eukaryotic cells (Pickett-Heaps 1972) . During mitosis, two sets of microtubules are clearly focused at two regions defining the poles. However, no specific structures could be detected within these polar regions, suggesting that the microtubule-organizing center (MTOC) is similar to MTOC in plant cells. Also, basal bodies were never associated with the spindle in any obvious way. During cytokinesis, a microtubule array is formed in late anaphase between daughter nuclei. However, it is difficult to judge whether these microtubules form a phycoplast or phragmoplast (Pickett-Heaps 1972) . Recent studies with animal and plant systems indicated that multiple MTbased motor proteins are required for the formation of a bipolar microtubule array (Smirnova et al. 1998 , Walczak et al. 1998 ). To our knowledge, there are no reports on the presence of any motor proteins, including the members of the kinesin-superfamily in Cyanophora. In this study, we have used antibodies specific to the CBD of a novel KLP (KCBP) and used the PCR approach to demonstrate the presence of a motor protein in C. paradoxa that belongs to kinesin superfamily. Biochemical and phylogenetic analyses indicated that the C. paradoxa KLP (CpKLP1) is closest to CaM-binding kinesin-like proteins from plants.
materials and methods
Strain and growth condition. A culture of C. paradoxa Korschikoff was maintained in sterilized lake water enriched with Algo-Gro concentrate solution (Carolina Biological Supply Co., Burlington, NC) at 18 Њ C in a 16:8 h light/dark cycle. After 10 days, cells were collected by centrifugation and kept at Ϫ 80 Њ C for DNA and protein extraction.
Protein preparation. Ten-day-old cells were ground in liquid nitrogen, extracted in 50 mM Tris, pH 7.4, 5 mM dithiothreitol (DTT), 10 ng mL Ϫ 1 N -a-P -tosyl-L -arginine methyl ester (TAME; Sigma Chemical Co., St Louis, MO) and complete protease inhibitor cocktail (Boehringer Mannheim Corp., Indianapolis, IN), and then spun at 100,000 g for 1 h.
Calmodulin-affinity Sepharose column. The crude extract mentioned previously was supplemented with 2 mM CaCl 2 and loaded onto a Calmodulin-Sepharose 4B column that was prepared and equilibrated according to the manufacturer's instructions (Amersham Pharmacia Biotech. Inc., Piscataway, NJ). The column was washed thoroughly with binding buffer (50 mM Tris, pH 7.5, 150 mM NaCl, and 2 mM CaCl 2 ). Bound protein was eluted with elution buffers (50 mM Tris, pH 7.5, 150 mM NaCl, and 2 mM EGTA). Proteins in the eluted fractions were electrophoresed either directly or after concentrating them using Biomax 0.5 Ultrafree filters (Millipore Corp., Bedford, MA).
Immunodetection with affinity-purified KCBP antibody. Proteins were separated on an 8% SDS-polyacrylamide gel and transblotted onto a nitrocellulose membrane using a Bio-Rad (Hercules, CA) transfer cell. The blotted membrane was blocked with 3% gelatin in Tris-buffered saline (TBS; 50 mM Tris, pH 7.5, 0.5 M NaCl,) for 2 h at 30 Њ C. After rinsing with TBST (TBS containing 0.05 % Tween-20), the membrane was incubated with affinity-purified AtKCBP antibody (1:400) raised against a peptide corresponding to the CBD (Bowser and Reddy 1997) for 2 h at 30 Њ C in TBS containing 1% gelatin. The membrane was then washed in TBST and incubated for 1 h at 30 Њ C with alkaline phosphatase-conjugated goat anti-rabbit IgG (Sigma Chemical Co.) diluted 1:4000 in TBS containing 1% gelatin. Immunoreactive bands were detected colorimetrically by immersing the filter in substrate solution (Bowser and Reddy 1997) .
Detection with biotinylated CaM. The filter was blocked with 3% gelatin in TBS/Ca/Mg (50 mM Tris, pH 7.5, 50 mM MgCl 2 , 200 mM NaCl, and 0.5 mM CaCl 2 ) for 2 h at 30 Њ C. After rinsing with TBST/Ca/Mg (TBS containing 0.05 % Tween-20), the membrane was incubated with 60 nM of biotinylated CaM in TBST/Ca/Mg containing 1% gelatin (Reddy et al. 1996b ). The blot was washed twice with TBST/Ca/Mg and incubated with Vectastain ABC.HRP (Vector Laboratories, Burlingame, CA) in TBST/Ca/Mg for 30 min, washed, and then the CaM-binding proteins were detected colorimetrically by immersing the filter in a substrate solution (Reddy et al. 1996b) .
Amplification of a KLP by PCR. Two degenerate primers that corresponded to conserved motifs in the known kinesin motor domains were used in PCR amplification. Sense and antisense primers, corresponding to the aa sequence IFAYGQT and VD-LAGSE, were used for PCR amplification. The nucleotide sequence of the sense primer is 5 Ј -AT(T/C/A)TT(T/C) GCITA(T/C) GCICA(A/G)AC-3 Ј and the antisense primer is 5 Ј -(A/G)AGI(G/C)(A/T)ICCIGCIA(G/A)(A/G)-TCIA-3 Ј . In addition, sense and antisense primers contained restriction sites for Eco RI and Bam HI, respectively. Cyanophora cDNA library was used as a template for PCR. The PCR reactions were performed in a final volume of 50 L. The reaction mixtures were preheated at 94 Њ C for 4 min and cooled to 50 Њ C; Taq polymerase was added to initiate the amplification reaction. Thirty-five cycles of amplification were performed in an Eppendorf Mastercycler Gradient (Eppendorf, Hamburg, Germany). Each amplification cycle consisted of 1 min of denaturation at 94 Њ C, 1 min of annealing at 50 Њ C, and 2 min of extension at 72 Њ C. PCRamplified product ( ‫ف‬ 500) was cloned into Eco RI and Bam HI sites of Bluescript-KS (Stratagene, La Jolla, CA) and sequenced. Sequence analysis was performed using the Sequencher (Gene Codes Corp., Ann Arbor, MI) and Mac Vector (Scientific Imaging Systems, Rochester, NY) sequence analysis software package. Searches for sequence similarity were performed using the Blast network service (http://www.ncbi.nlm.nih.gov).
Phylogenetic analysis. To determine the phylogenetic relationship of CpKLP1 with other carboxy-terminal KLPs, the conserved motor domain of carboxy-terminal motors was used in phylogenetic analysis. The motor domain of CpKLP1 was aligned with 27 carboxy terminal KLPs retrieved from the kinesin database (http://www.blocks.fhcrc.org/ ‫ف‬ kinesin/index. html). Alignment was performed by the Lasergene Megalign (DNA Star Inc, Madison, WI) program using the clustal method. The aligned 28 KLPs were used to build a phylogenetic tree using the PAUP (Sinauer Associates, Inc Publishers, Saunderland, MA) (version 4.0b2) heuristic search method with tree bisection-reconnection (TBR) branch swapping (Swofford 1993) . Bootstrap analysis with 100 random replicates was performed using the heuristic method.
Southern blot analysis. Genomic DNA was isolated from 10-day-old cells using urea-phenol-containing buffer (Golovkin and Reddy 1996) . Fifteen g of DNA were digested with different restriction endonucleases, electrophoretically separated in 0.8% agarose gel, and then transferred to a nylon membrane (Hybond N, Amersham Pharmacia Biotech. Inc). The cross-linked DNA was probed with a 500-base pair (bp) cDNA fragment. Prehybridization and hybridization were performed at 65 Њ C in a solution containing 0.5 M NaHPO 4 and 0.7 % SDS. Washing was performed at 65 Њ C in 0.1 ϫ SSC (15 mM NaCl, 1.5 sodium citrate) and 0.1 % wt/vol SDS and then exposed to x-ray film.
results and discussion KCBP antibody cross-reacts with a specific protein in C. paradoxa crude extract. CaM, a Ca 2 ϩ -binding multifunctional regulatory protein, is the primary transducer of intracellular Ca 2 ϩ signals (Poovaiah and Reddy 1993) . It regulates many cellular processes through CaM-binding proteins. It is well-known that the primary sequence of CBD in different CaM target proteins is not conserved (O'Neil and DeGrado 1990, James et al. 1995) . Recently a novel group of CaMbinding KLPs has been reported in plants and sea urchin. We have raised antibody specific to a CaM-binding KLP (KCBP). This KCBP-antibody has been shown to recognize specific KCBPs in a number of plants (Bowser and Reddy 1997 , Smirnova et al. 1998 , Voss et al. 1999 . In Arabidopsis suspension culture, KCBP antibody detects a protein of ‫ف‬ 140 kDa (Bowser and Reddy 1997) , which corresponds to the estimated molecular mass of KCBP (Reddy et al. 1996a ). To determine the presence of CaM-binding KLP in Cyanophora , an evolutionarily primitive organism, we have used the affinity-purified antibody raised against KCBP. The KCBP antibody detected a specific band in Cyanophora protein extract (Figs. 1A and 1B) . The molecular mass of the immunodetected band was estimated to be ‫ف‬ 133 kDa, by comparing the mobility of the immunoreactive band with the Arabidopsis KCBP and known molecular mass markers. These results indicate that Cyanophora contains a polypeptide that crossreacts with KCBP antibody. However, in maize the estimated molecular mass of maize KCBP (ZmKCBP) is 137 kDa (Abdel-Ghany and Reddy 2000) . This difference in molecular mass between Arabidopsis and ZmKCBP is because of a short deletion in the aminoterminal region of ZmKCBP. Conversely, the estimated molecular mass of CBD-containing KLP from sea urchin (kinesin-C) is 181 kDa (Rogers et al. 1999) . In some cases, KCBP antibody detects bands of smaller molecular mass than the estimated size Reddy 1997, Abdel-Ghany and Reddy 2000) because of degradation of KCBP. The KCBP antibody does not recognize other CaM-binding proteins that are not related to KCBP (Bowser and Reddy 1997) . In C. paradoxa , the size of the detected band (133 kDa) is close to the estimated molecular mass of KCBP from flowering plants.
Biotinylated CaM and KCBP antibody detect the same protein in protein fractions purified on CaM-Sepharose.
To confirm that the polypeptide detected on immunoblot is a CaM-binding protein, Cyanophora crude extract was passed through a CaM-Sepharose column and then the protein bound to CaM was eluted with 2 mM EGTA. The eluted fractions were either probed with bio-CaM (Fig. 1C) or concentrated with Biomax 0.5 Ultrafree (Millipore Corp., Bedford, MA) centrifuge filters and then probed with KCBP antibody (Fig.  1D) . In both cases, a specific polypeptide with a molecular mass of ‫ف‬ 133 kDa was detected. The detected band is likely to be KCBP because the 23 aa sequence of KCBP that was used to raise the antibody shows no sequence similarity with CaM-binding region in other CaM-binding proteins in the database (Bowser and Reddy 1997) . These results suggest the presence of a CaM-binding kinesin-like protein in C. paradoxa.
Isolation of a cDNA encoding a kinesin-like protein from C. paradoxa. To isolate kinesin-related gene sequences from C. paradoxa , degenerate primers corresponding to two regions of conserved aa sequences within the motor domain were synthesized. These sequences are highly conserved in most KLPs from distantly related organisms (Reddy et al. 1996b ). The primers were used to amplify KLP sequences from a cDNA. The nucleotide sequence of the amplified fragment ( ‫ف‬ 500 bp) and the predicted aa sequence were deposited in GenBank (accession no. AF219229). Analysis of the deduced aa sequence using the Blast search showed a strong sequence similarity to the motor domains of KLPs. It also contains an ATP-binding site and two other motifs (SSRSH and VDFAGTS) that are highly conserved in the motor domain of KLPs (Endow and Hatsumi 1991, Reddy et al. 1996b , Wang et al. 1996 , Rogers et al. 1999 (Fig. 2) . Based on these results, this cloned fragment from the C. paradoxa cDNA library encodes the motor domain of a KLP (CpKLP1). Alignment of the predicted aa sequence of CpKLP1 with other carboxy-terminal motors is shown in Fig. 2 . There are short stretches of aa that are highly conserved in all compared proteins. However, there are other aa that are conserved only among CaM -binding kinesins and CpKLP1, suggesting that CpKLP1 is related to this group. Overall, CpKLP1 shows higher sequence similarity to the motor domain of AtKCBP and kinesin-C from sea urchin (53.8% and 48.7%, respectively), compared to other carboxy-terminal KLPs from other organisms, such as Drosophila (33.3% with Ncd) and Schizosaccharomyces pombe (26.6% with SpoKLP2) (Table 1 ). These results indicate that CpKLP1 very likely belongs to the CaMbinding KLPs. However, the available sequence does not allow us to determine if the CpKLP1 is closer to plant KCBP or sea urchin kinesin-C. It will be interesting to isolate the full-length cDNA to examine the presence of the MyTH4 and the talin-like region that are characteristics of plant KCBPs. Also, immunolocalization of CpKLP1 should help understand the functional role(s) of this KLP. (Reddy et al. 1996b) , sea urchin kinesin-C (Rogers et al. 1999) , Drosophila Ncd (DmNcd) (Endow et al. 1990) , and Schizosaccharomyces pombe (SpoKlp2) (Greene and Heinkoff 1999) . The conserved ATP-binding site is indicated by a solid line. The conserved motifs in the microtubule-binding region are boxed. Gaps in alignment are denoted by dashes. Asterisks indicate the amino acids that are conserved only in CaM-binding kinesins.
CpKLP1 belongs to carboxy-terminal subfamily and falls into a CBD-containing group of KLPs.
Phylogenetic analysis of CpKLP1 with the motor domain of all KLPs (136 KLP) using the PAUP heuristic search method with random stepwise addition was performed (data not shown). In this analysis, CpKLP1 fell into the carboxyterminal subfamily, indicating that it belongs to this subfamily of motors. It has been shown that the sequence characteristics of the motor region of carboxyterminal motors distinguish them from the aminoterminal motors (Goodson et al. 1994) . A striking characteristic shared by the members of the carboxyterminal subfamily is the overall structure where the mechanochemical domain of the proteins in this subfamily is at the carboxy terminus rather than the amino terminus. Most members of this subfamily have been localized to centrosomes, spindle poles, and mitotic spindle fibers, suggesting a role in spindle formation during mitosis , Page et al. 1994 , Bowser and Reddy 1997 , Smirnova et al. 1998 . Within the carboxy-terminal subfamily, CpKLP1 fell into a distinct group of KLPs with a CaM-binding domain (Figure 3 ). This group of KLPs is characterized by a CBD adjacent to the motor domain that is responsible for Ca 2 ϩ /CaM regulation (Narasimhulu et al. 1997, Narasimhulu and . This analysis further confirms that the CpKLP1 belongs to CaMbinding kinesins.
CpKLP1 is a single-copy gene. To determine the approximate copy number of CpKLP1, Southern blot analysis of C. paradoxa genomic DNA was performed. One hybridization band was detected with different restriction enzymes (Fig. 4) . Low stringency washes did not yield any additional bands, suggesting that the CpKLP1 does not cross-hybridize with other genes. In Arabidopsis , tobacco, and maize, KCBP was shown to be a single-copy gene that expressed in all tissues and does not hybridize with other KLPs (Reddy et al. 1996b , Wang et al. 1996 , Abdel-Ghany and Reddy 2000 . Northern analysis with total and poly(A) RNA from Cyanophora did not show any signal (data not shown). This is not surprising considering the fact that CaM-binding kinesins are expressed at very low levels.
To date there are no reports on the presence of motor proteins in C. paradoxa. Our biochemical data, sequence analysis, and phylogenetic studies provide evidence for the presence of a KLP in C. paradoxa. Furthermore, our data indicate that CpKLP1 belongs to CaM-binding KLPs within a carboxy-terminal subfamily. Also, within the CaM-binding KLPs, CpKLP1 is closer to plant KCBP than to sea urchin kinesin-C. Future isolation of a full-length cDNA and immunolocalization studies should help to understand the functional role(s) of this KLP, in addition to the origin and evolution of CBD-containing KLPS. 
